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(g) Optical hybrid for coherent detection systems. 

(57) A polarization independent coherent lightwave detection arrangement is disclosed which utilizes an 
^ optical hybrid including a single polarization beam splitter (16) and a single polarization maintaining 
coupler (18). The received message signal E M (t) and a local oscillator signal E LO (t) are applied as 
orthogonal inputs to the beam splitter such that the pair of output signals contain orthogona^ 
components from each input signal. The coupler functions to combine the pair of output signals such 
that a balanced receiver is capable of recovering the transmitted data signal, regardless of the 
polarization of the incoming message signal. 
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Technical Field 

The present invention relates to an optical hybrid for coherent detection systems and, more particularly, 
to an optica! hybrid which utilizes only one polarization beam splitter and one polarization maintaining coupler 
5 to achieve polarization independent operation. 



Description of the Prior Art 



Coherent optical lightwave detection systems have been extensively described in the literature. Such sys- 

10 terns offer nearly ideal detection sensitivity, as well as selectivity similar to that obtained at radio frequencies. 
In coherent lightwave systems which use heterodyne/homodyne techniques, the polarization state of the local 
oscillator must be matched to the polarization state of the incoming transmitted signal in order to achieve accu- 
rate recovery of the data. Any departure from polarization matching will result in degradation of the system per- 
formance. One solution to the problem of polarization matching is the utilization of a polarization diversity 

is receiver arrangement which insures correct operation of the system despite any fluctuations in the polarization 
state of the received data signal. In general, a polarization diversity arrangement functions to split both signals 
into known, orthogonal polarization states and separately manipulate each orthogonal component 

Several variations of polarization diversity schemes have been proposed and demonstrated. One particular 
prior art scheme utilizes an optical hybrid including a single beam splitting cube and a set of three optica! coup- 

20 lers to provide the required orthogonal signal components. A description of this particular arrangement is con- 
tained in an article entitled "Polarization diversity coherent optical receiver with a balanced receiver 
configuration", by M. Shibutani et at, appearing in the Proceedings of the ECOC 88 , September 1988, at pp. 
151-3. In the Shibutani et al. arrangement, the message signal components, after polarization separation, are 
mixed with the local oscillator in a 3dB fiber coupler. The local oscillator signal is divided equally by a 3dB coup- 

25 ler and the polarization state of each local oscillator component is manipulated, using polarization adjusters, 
to match the polarization state of its paired message signal component However, since the polarization state 
of each signal component is subject to drift the polarization adjusters must be continuously monitored to insure 
optimum system performance. 

Therefore, a need remains in the prior art for a coherent lightwave detection system which is truly poiari- 

ao zatton independent and requires a minimum number of sensitive components. 



Summary of the Invention 



The need remaining in the prior art is addressed by the present invention which relates to an optical hybrid 
35 for coherent detection systems and, more particularly, to an optical hybrid which utilizes only one polarization 
beam splitter and one polarization maintaining coupler to achieve polarization independent operation. 

In accordance with a particular embodiment of the present invention, the incoming message signal and 
local oscillator are applied as orthogonal inputs to a polarization beam splitter. The polarization beam splitter 
functions to separate each signal into orthogonal components, in particular, message signal E M (t) is divided 
40 into components EmhO) and EmvO). where the designation "H" refers to "horizontal" polarization and the desi- 
gnation "V refers to "vertical" polarization. The local oscillator is similarly split Since the two signals are applied 
as orthogonal inputs to the splitter, the pair of outputs from the splitter contain mutually orthogonal components. 
TTiat is, a first output E t (t) contains both a horizontal and a vertical component (e.g., E-,(t) = E^t) + jE LV (t)). 
The second output E 2 (t) from the splitter then contains the remaining components EmvW and Ey^t). The pair 
45 of outputs from the splitter are subsequently applied as inputs to a polarization maintaining coupler which func- 
tions to sum the components and provide as the optical hybrid output a pair of combined optical signals, denoted 
Es(t) and Et(t), which are orthogonal vector sums of the polarization beam splitter first and second outputs. In 
particular, polarization maintaining coupler 18 functions according to the following relations: 



so 



55 



= IT — ' 

Ea(i)+JEi(i) 
E4(0= V2 * 

The pair of combined optical signals are then applied as inputs to a balanced receiver which functions to convert 
the optical signals into electrical representations and demodulate the electrical signals to recover the transmit- 
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ted data from the received message signal Ew(t). 

In one embodiment of the present invention, bulk optics may be used to fonm the hybrid. In particular, a 
polarization beam splitting cube may be used to receive the message signal and local oscillator, where the fiber 
carrying the local oscillator is attached to the appropriate cube face at an angle (for example, 45°) which pro- 
vides for essentially equal power splitting of the local oscillator between the two output polarization states. The 
polarization maintaining coupler may comprise a lithium niobate-based device, with polarization maintaining 
optical fibers used to interconnect the beam splitting cube and coupler, as wefl as connecting the coupler output 
to the balanced receiver input. 

In an alternative embodiment, the hybrid may be formed as a monolithic unit on a single substrate. In par- 
ticular, the polarization beam splitter and polarization maintaining coupler may be formed as integrated com- 
ponents within an optical substrate. Polarization maintaining integrated optical waveguides formed in the 
substrate may be used to interconnect the devices. In one arrangement, the balanced receiver may be incor- 
porated in the same substrate. Alternatively, the receiver may be formed on a separate substrate with polari- 
zation maintaining waveguides used to provide interconnection between the hybrid and the receiver. 

Other and further advantages of the present invention will be apparent during the course of the following 
discussion and by reference to the accompanying drawing. 

Brief Description of the Drawing 

The sole FIGURE illustrates an exemplary coherent detection system utilizing an optical hybrid formed in 
accordance with the present invention. 

Detailed Description 

Referring to the sole FIGURE, an exemplary coherent detection arrangement 1 0 is shown as including an 
exemplary optical hybrid 12 of the present invention and a balanced receiver 14 coupled thereto. As shown, 
optical hybrid 12 comprises a polarization beam splitter 16 and a polarization maintaining coupler 18 intercon- 
nected by a pair of polarization maintaining waveguides 20,22. A second pair of polarization maintaining 
waveguides 24,26 are used to connection the outputs of polarization maintaining coupler 18 (also defined as 
the output of hybrid 1 2) to the input of balanced receiver 14. As will be discussed in detail below, optical hybrid 
10 may be formed with discrete devices, as a single monolithic structure, or with a mixture of both discrete and 
integrated components. , ^ .. 

In operation, the received message signal E M (t) and local oscillator E LO (t) are applied as orthogonal inputs 
to polarization beam splitter 16. For the sake of the present discussion, message signal E M (t) is presumed to 
35 be a DPSK signal which can be expressed as follows: 

E M (t) = M(th/2PM cos(co M t)> 

where M(t) represents the DPSK modulation signal having values of either +1 (for a logic "1") or -1 (for a logic 
■0") The term P M is defined as the message signal power and © M is defined as the carrier frequency. It is to 
be noted that throughout this discussion any phase noise terms will be ignored, for the sake of simplicity. It can 
be shown that such terms do not affect the polarization independent operation of the hybrid of the present inven- 
tion. Similarly, the local oscillator signal E L0 (t) an be expressed as: 



20 
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45 



Eu)(t) = V2Puo COS(COLot), 



where P L0 is defined as the local oscillator signal power and © LO is the local oscillator carrier frequency. 

Referring to the FIGURE, polarization beam splitter 16 functions to split the signals applied hereto into 
first and second components of orthogonal polarization states (hereinafter referred to as -vertical" (V) and "hori- 
so zontal" (A) polarization states). When performing the polarization beam splitting on message signal E M (t), pol- 
arization beam splitter 16 divides the power P M of signal E M (t) into orthogonal components represented by: 

Pm = X 2 PmH + ( 1-x 2 )PmV, 
where x 2 represents the portions of message signal E M (t) which is of the horizontal polarization state and the 
term (1-x 2 ) represents the remaining portion of vertical polarization (where O^l , and X may vary as a function 
55 of time). The message signal portions of the output from polarization beam splitter 1 6 may then be defined as: 
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Emh(0 = M(tW2(l -% 2 )PM costcoMt+e^H, and 
E M v(t) = M(t)V2% 2 P M cos[CD M t+G2]V, 

5 

where and 9 2 are slowly varying phase signals which depend upon the polarization state of the message 
signal. 

In accordance with the teachings of the present invention, local oscillator E LO {t) is applied as an input to 
polarization beam splitter 16 with a fixed, linear polarization such that the resultant output signals launched into 
10 waveguides 20,22 will have essentially equal power levels. In general, therefore, the local oscillator may be 
defined as: 

E LO (t) = E LH (t) + E LV (t), 

where 

15 

ElhW = VPlo costcuLot+etolH ,and 
E LV (t) = VPlo cosfODLot+eLolV, 

20 where 8|_o is defined as the arbitrary phase of the local oscillator. For the remainder of the present discussion, 

it will be assumed that 8 LO =0. 

The outputs signals from polarization beam splitter 16 will be launched into polarization maintaining 

waveguides 20 and 22. as illustrated in the FIGURE, with the signal propagating along polarization maintaining 

waveguide 20 defined as E^t) and the signal propagating along polarization maintaining waveguide 22 defined 
25 as E^t). In accordance with the properties of polarization beam splitter 16, E 21 (t) and E 2 (t) may be defined by 

the following relations: 

Ei(t) = EmhW + jE LV (t),and 
E2<t) = E LH (t) + jE^t). 
Substituting the relations as defined above, signals E^t) and E 2 (t) may be rewritten as follows: 
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Ei (t) = M(tW2(l -x 2 )PM~ cos[co M t+9i]H + VPtxT sinCcoLQ t)V, and 
E 2 (t) = M(tW2x 2 PM sin[cDM t+9 2 l V + VPlo cos(C0uot)H. 

Referring to the FIGURE, signals E^t) and E 2 (t) propagate along polarization maintaining waveguides 
20,22 and are subsequently applied as inputs to polarization maintaining coupler 18. In general, polarization 
maintaining coupler 18 will provide a pair of output signals E 3 (t) and E*(t), where 

EtCO+jEfeft) 
= » and 

r m _ E2(t)+jE,(t) 



As seen in the FIGURE, signals E 3 (t) and EUft) are launched into polarization maintaining waveguides 24 and 
26, respectively, to form the outputs from optical hybrid 12. Assuming the length l t of the path defined by 
waveguides 20,24 is essentially equal to the length f 2 of the path defined by waveguides 22,26, first output 
so Es(t) from hybrid 12 may be expressed as follows: 

E 3 (t) = E3H<t) + EevO). 

where 

[M(tW2(l-x 2 )PMPu> cos(co M t+6i) + VP^sinCcDLoOlH 
55 E 3H (t) = ^ and 
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[-M(t)>/2x 2 PM cos(co M t+e 2 ) + >/PEB"sin(OJ I x)t)]V 
E 3 v(t) = ^= • 

Similarly, signal E^t) can be written as: 

E 4 (t) = E 4H (t) + E4v(t), 

where 

[U(tysl2(l-^P U ^U> sin(u> M t-+$ I ) + VPLO cosCfflrjotWH 
E 4H <0 = • and 

[M(t)- ^?fi7 sin(Q) M t-fe 2 ) ~ VPloT cos((OLot)]V 

E 4V • 

In order to provide recovery of the transmitted data signal, the pair of output optical signals E 3 (t) and E4W 
from hybrid 12 are applied as inputs to balanced receiver 14. In particular, signal E 3 (t) is applied as an input 
to a first photodiode 28 and signal E4W is applied as to a second photodiode 30. As is well-known in the art, 
each photodiode will develop an output current related to the applied input optical signal. In particular, the output 
current l,(t) from first photodiode 28 may be expressed as: 

Ii(t) = C[El H (t) + Elv(t)], 

25 where C is defined as the known constant Substituting the expressions for E 3H (t) and E 3V (t), it can be shown 
that li(t) may be rewritten as follows: 



15 



20 



Ii(t) = Cl^. + + M^2(1- X 2 )PmPlo sin^F-eo] 
-Q-^WPmPlo sinCcotF-Bz)] , 

where ©, F = ©lo - o»w Similarly, the output current l 2 (t) from second photodiode 30 can be expressed as: 

I 2 (t) = C[E|H(t) + Eiv(t)], 

which may be rewritten as the following: 

l2(t) = c[It° + _ ^V2(1-X 2 )PmPlo sinCc^t-^)] 
+ C[^|^V2x 2 PmPlo sinCcorpt-ea)]. 

Photocurrents l^t) and l 2 (t) are subsequently applied as separate inputs to a differential amplifier 32. Differential 
amplifier 32 functions to subtract second photocurrent l 2 (t) from first current I,(t) to provide as an output the 
balanced receiver current l B (t). That is: 

IbW = h(t)-l 2 (t). 

where substituting the relations for h(t) and l 2 (t), l B (t) can be rewritten as: 

I B (t) = CM(tW2P M PLO f^ lw X 2 sin^t-Si ) - ^ sinCcon^)]. 

55 This expression for l B (t) may be simplified by controlling the relationship between the terms 6! and e 2 . In par- 
ticular, a phase modulator may be used in conjunction with the optica] hybrid to provide this control. Referring 
to the FIGURE, a phase modulator 34 is illustrated as inserted in the incoming signal path of received message 
signal E M (t). Alternatively, phase modulator 34 may be disposed along either waveguide 20 or 22. Phase mod- 
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ulator 34 is utilized to maintain a redetermined phase difference A6 between 9, and e 2 (the slowly varying 
phaTe delays associated with the A and V polarizations of message signal E M (t), respectively). For example, 
phase modulator 34 may be used to provide a predetermined phase difference A9 of f such that 9 2 s 6i+§. 
Therefore, the relation for l B (t) can be rewritten as follows: 

I B (t) - -^Y Q -V2P M Puo N 1-X 2 sin(C0 IF t-9i) + V^COSC©^-^!)] , 

since sin (Gj) = sin (9, +§) = -cos (9,). Alternatively, phase difference A9 may be set at multiple values of (2k 
+ where k is a natural number, or any other suitable value capable of providing a well-controlled phase 

^^efSnng to the FIGURE, current l B (t) from amplifier 32 is subsequently applied to a delay means 36 which 
functions to square the balanced receiver current. In particular, current l B (t) is split along two branch es where 
the current along one branch is delayed by a predetermined time period t. The delayed signal l B (M and s.gnal 
l B (t) are both applied as inputs to a multiplier 37 which then forms the output from delay means 36. denoted 
D'(t). Thus, D'(t) can be expressed as follows: 

D-(t) = l B (t)l B (t-r). 

Substituting for l B (t) and l B (t-t), it can be shown that 

D , (t) m C 2 M(0M(t-T ) ]E>MPLo[cos(<DiFT)l 

+ C 2 M(t)M(t-^)p M p Lo[(x 2 _ Vl) cosdOfft-O) + ^(l-X 2 ) sinCQjpt-Q)], 

where n = ^+29,. At this point in the data recovery process, the signal D'(t) remains polarization dependent, 
due to the presence of V terms in the above relation. In accordance with the teachings of th^e present .nvenhoiu 
the polarization dependence may be eliminated by removing the terms at the frequency 2a> IF t-a. Referring i to 
the FIGURE, a filter 38 is coupled to the output of demodulating means 36. Filter 38 may be any suitable 
arrangementincluding, for example, a bandpassfilterdesigned to pass only mosefrequendes near «^ F . or alter- 
natively, a low pass filter capable of removing components near 2<» IF . Depending upon the value of 2e>, F . these 
higher-order harmonic terms may simply be ignored, in either case, the recovered data signal may be defined 
as 

D(t)= C 2 M(tMt-x) pMPLoCOs(aaiFt)]> 

which in accordance with the teachings of the present invention is independent of X- 

As mentioned above, the optical hybrid of the present invention may be formed with discrete componente 
or alternatively, formed as a monolithic structure. An embodiment utilizing discrete devices may include, for 
««mple, a beam splitting cube as polarization beam splitter 16. Polarization maintaining coupler 18 may com- 
prise a fused fiber coupler, formed using polarization maintaining optical fiber. Additional* '^rconnecbng 
waveguides 20, 22, 24 and 26 may all comprise polarization maintaining fibers appropnately attached I to the 
appropriate endfaces of the discrete devices, in a monolithic embodiment, the polarization beam splrtter may 
Uprise a device including a silicon substrate with appropriate waveguides formed therein. A polarization 
maintaining coupler may also be formed in such a substrate. Advantages with the latter embodiment in terms 
of for example, size, stability, alignment, and cost are obvious. 

It is to be understood that there exist a number of modifications to the above-described embodiments which 
are considered tofall within the scope of the present invention. In particular, another embedment of the present 
invention may utilize an alternative demodulating arrangementincluding a single photodiode receiver, instead 
rfthe pair of photodiodes in the balanced receiver configuration of the FIGURE. Additionally, the present inven- 
tion is not considered to be limited to systems utilizing DPSK modulation, since alternative signaling schemes, 
including but not limited to FSK (frequency-shift keyed) or ASK (amplitude-shift keyed) modulation, could also 
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be utilized with the optical hybrid of the present invention. In particular, the use of FSK signaling would result 
in a received message signal E M (t) of the form: 

E M (0 = ^2P M cos((co M + Aco)t, 

where Aq>=0 for a first logic value and is fixed at a constant for a second logic value. Alternatively, the use of 
ASK would result in a received message signal E M (t) of the form: 

E M (0 = M(t)^f2Pi7coscDMt ^ 
where M(t)=0 for a first logic value and M(t)=M for a second logic value. 



Claims 

1. An optical hybrid for providing polarization independent signal recovery in a coherent lightwave detection 
system 

CHARACTERISED BY 

polarization splitting means (16) responsive at a first input to a received message signal (E M (t» and 
at a second, orthogonal input to a local oscillator signal (E LO (t)), the polarization splitting means for dividing 
each signal into first and second orthogonal components of first (EMH(t),E LH (t)) and second (Emv^ElvW) 
polarization states and foiming first (E,(t)) and second (E 2 (t)) outputs of said polarization splitting means, 
each output comprising a sum of orthogonal components of each input signal; and 

polarization maintaining combining means (18) disposed to receive as separate inputs the first and 
second outputs of the polarization splitting means and provide as the output of said optical hybrid a pair 
of combined signals (E 3 (t),E4(t)). said pair of combined signals representative of orthogonal vector sums 
of the first and second outputs of said polarization splitting means. 

2. An optical hybrid as defined in claim 1 wherein the hybrid further comprises 

polarization maintaining waveguiding means (20,22) for interconnecting the first and second outputs 
of the polarization splitting means and the input of the polarization maintaining combining means. 

3. An optical hybrid as defined in claim 2 wherein the polarization maintaining waveguiding means comprises 
polarization maintaining optical fiber. 

4. An optical hydrid as defined in claim 2 wherein the polarization maintaining waveguiding means comprises 
integrated optical waveguides. 

5. An optical hybrid as defined in any of the preceding claims wherein the hybrid further comprises 

polarization maintaining waveguiding means (24,26) coupled to the output of the polarization main- 
taining combining means for propagating the pair of combined signals to the output of the optical hybrid. 

6. An optical hybrid as defined in claim 5 wherein the polarization maintaining waveguiding means coupled 
to the output of the combining means comprises polarization maintaining optical fiber. 

7. An optical hybrid as defined in claim 5 wherein the polarization maintaining waveguiding means coupled 
to the output of the combining means comprises integrated optical waveguides. 

8. An optical hybrid as defined in any of the preceding claims further comprising 

phase modulating means (34) for controlling a polarization-dependent phase difference (AO) be- 
tween the first and second components of the received message signal so as to maintain approximately 
a predetermined value. 

9. An optical hybrid as defined in claim 8 wherein the predetermined phase difference is controlled to be 
approximately 



10. An optical hybrid as defined in claim 8 wherein the predetermined phase difference is controlled 
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approximately n. 

11. An optical hybrid as defined in claim 8 wherein the predetermined phase difference is controlled to be 
approximately 0. 

12. An optical hybrid as defined in any of the preceding claims wherein the polarization splitting means com- 
prises a polarization beam splitting cube. 

13. An optical hybrid as defined in any of claims 1 to 1 1 wherein the polarization splitting means comprises an 
integrated polarization splitting means formed within an optical substrate. 

14. An optical hybrid as defined in any of the preceding claims wherein the polarization maintaining combining 
means comprises a fused fiber polarization maintaining optical coupler. 

15 An optical hybrid as defined in any of claims 1 to 1 3 wherein the polarization maintaining combining means 
comprises an integrated polarization maintaining optical coupler formed within an optical substrate. 

16. An optical hybrid as defined in any of the preceding claims wherein the local oscillator signal is applied as 
a linearly polarized signal to the polarization splitting means. 

17 An optical hybrid as defined in claim 16 wherein the local oscillator signal propagates along a polarization 
maintaining fiber which is coupled at an angle of approximately 45° to the polarization splitting means. 

18. An optical hybrid as defined in any of the preceding claims wherein: 

the polarization splitting means (16) is arranged to form said first (Ei(t)) and second (Ea(t)) outputs 
of said polarization splitting means in the form: 
E,(t)=EMH{t) + E LV (t), and 

E2(t)=Em(t)+jEMv{t); and . . 

the polarization maintaining combining means (18) is arranged to provide said pair of combined sig- 
nals (E 3 (t).E4(t)) in the form: 



E.(t) +.E ? (t) 

E.<t)= - ' * nd 

3 /T 



E 4 (t)= 



E 2 (t) * j E l (t) 
✓7. 



19 A polarization independent coherent lightwave detection arrangement capable of recovering a data signal 
(D(t)) from a received message signal (E M (t)) comprising an optical hybrid as defined in any of the preceding 

daimS a receiver (14) responsive to the pair of combined output signals from the polarization maintaining 
combining means for converting the optical signals into electrical representations thereof and combining 
said electrical representations to provide as an output the recovered data signal (D(t)). 

20. A polarization independent coherent lightwave detection arrangement as defined in claim 19 wherein the 
receiver comprises . 

first converting means responsive to a first optical signal of the par of combined signal outputs Iran 
the optical hybrid for for providing as an output an electrical representation thereof: 

second converting means responsive to a second, remaining optical signal of the pair of combined 
signal outputs from said optical hybrid for providing as an output an electrical representation thereof; and 

demodulating means (32,36,38) responsive to the electrical outputs from the first and second con- 
verting means for providing a difference signal and squaring said difference signal to form as the detection 
arrangement output the recovered data signal (D(t)). 

21. A polarization independent coherent lightwave detection arrangement as defined in claim 20 wherein the 

8 
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demodulating means comprises 

differential amplifying means (32) responsive to the outputs from the first and second converting 
means for generating the difference signal (l B (t)); 

a delay line (36) responsive to the difference signal for generating a delayed difference signal (! B (t- 

5 t)); and 

multiplying means responsive to both the difference signal and the delayed difference signal, the 
multiplicative product being the square representation of the difference signal. 

22. A polarization independent coherent lightwave detection arrangement as defined in any of claims 19 to 21 
10 wherein the receiver further comprises 

filtering means (38) responsive to the outputfrom the demodulating means for removing components 
of the recovered data signal at frequencies other than the difference frequency (o IF ) between the local oscil- 
lator carrier frequency (© LO ) and the message signal carrier frequency (a> M ). 

15 23. A polarization independent coherent lightwave detection arrangement as defined in any of claims 19 to 22 
wherein the received message signal is a DPSK modulated signal of the form: 

EH(t)=M(t)^PM cos(<xMt), and 
20 ELotti^PLO^t^Ot)* 
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(54) Optical hybrid for coherent detection systems. 

(57) A polarization independent coherent light- 
wave detection arrangement is disclosed which 
utilizes an optical hybrid including a single 
polarization beam splitter (16) and a single 
polarization maintaining coupler (18). The re- 
ceived message signal EM(t) and a local oscil- 
lator signal ELO(t) are applied as orthogonal 
inputs to the beam splitter such that the pair of 
output signals contain orthogonal components 
from each input signal. The coupler functions to 
combine the pair of output signals such that a 
balanced receiver (14) is capable of recovering 
the transmitted data signal, regardless of the 
polarization of the incoming message signal. 
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